Direct stimulation of bone resorption by parathyroid tissue extracts has been demonstrated in transplantation experiments (2, 3) and in tissue culture (4, 5) . Since bone from rats previously given parathyroid extract could maintain a higher calcium concentration in the medium than controls when incubated in vitro (6) , it seemed likely that direct stimulation of bone resorption in culture would also result in a movement of calcium from bone to medium. The present studies employ a technique for measuring such resorption in terms of the release of radioactive calcium previously incorporated in embryonic bone. This technique has provided a sensitive bioassay for parathyroid hormone preparations (1) . However, many other factors can affect bone resorption in organ cultures. In the present experiments the effects of varying culture conditions, particularly pH, calcium and phosphate concentrations, and oxygen tension, were studied. Sera from patients with abnormalities of parathyroid function were added to the culture medium to determine whether these had any direct effects or might alter the response to added parathyroid hormone. The effects of vitamin A, cortisol, triiodothyronine, and vitamin D were also studied alone and in combination with parathyroid hormone, since * Submitted for publication June 18, 1964 ; accepted September 24, 1964. This investigation was supported by a Clinical Pharmacology Award from the Burroughs-Wellcome Foundation and research grant AM-06205 from the National Institute of Arthritis and Metabolic Diseases, Bethesda, Md.
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Methods 1
Preparation of tissue. Dating of pregnancy was assured by mating large numbers of Rochester Wistar rats for only 16 hours. Seventeen days later pregnant animals were injected with 300 to 500 ,uc of Ca'5 as CaCla solution subcutaneously. On the nineteenth day, the injected rats were sacrificed, the embryos removed, and the forelimbs separated and kept in Eagle's medium (22) in a 150-mm Petri dish at 5 to 10°C until dissection. With a binocular dissecting microscope, the radius and ulna were dissected free of muscle and the cartilaginous ends cut off. The bone shaft was washed three times with Eagle's medium before transfer to a culture vessel. The bone explant consisted of a thin tube of calcified bone matrix surrounding a core of calcified cartilage with discs of mature cartilage cells at each end ( Figure  1 ). There was often beginning marrow cavity formation in 19-day embryos, but little hematopoietic tissue remained after washing.
Culture technique. Small embryo watch glasses were used, eight of which fitted into a 150-mm glass Petri dish. The bones were placed on squares of Millipore filter resting on a metal screen so cut that 0.5 ml of medium filled the culture vessel to the surface of the screen. The medium was a mixture of 50% serum and 50% modified Eagle's medium. The final calcium concentration in this medium was 7 to 9 mg per 100 ml. When human serum was used, the final phosphate concentration was 3 to 4 mg per 100 ml; when rat serum was used, the final phosphate concentration was 5 to 8 mg per 100 ml.
The culture vessels were filled with medium and test substances and equilibrated with 5% C02, 20% 02, and 75%o N2 at 370 C in a plastic chamber before the bones were explanted. The gas was bubbled through demineralized distilled water at the bottom of the chamber. The bottom of each Petri dish was lined with filter paper moistened with Eagle's medium containing phenol red. The change in color of this medium provided evidence that the cultures had equilibrated with CO2. After explantation the cultures were maintained 
Results
Effect of parathyroid extract and parathyroid hormone. The addition of PTE or PTH consistently stimulated bone resorption as indicated by the greater release of Ca45 from the bone to the medium in treated cultures (Table I ). Resorption was maximal with doses of 0.3 to 1.0 U per ml. These bones showed disappearance of osteoblasts, complete resorption of the matrix, and proliferation of fibrous tissue and osteoclasts, with a disc of hypertrophied cartilage cells remaining at either end of the explant ( Figure 1A ). More than 90%7 of the Ca45 originally incorporated was released to the medium by the end of cultivation (Table II) . Some resorption also occurred in control bones. Ca45 release from living control bones was greater than for bones in which the cells had been killed by heating to 45 to 50°C. This release was associated with the appearance of scattered osteoclasts, although there was little fibroblastic proliferation, and osteoblasts were still present in the bony shaft. Variability in control resorption accounted for much of the variability in the treated/control ratios for Ca45 release in response to large doses of PTE or PTH (Table  II; see also Table V) ZaQ leased in response to PTE was 1.4 to 1.8, which is similar to the ratio in bone mineral. Bone size was a critical factor in parathyroid response. The data of these experiments are for bone shafts whose length was 0.9 to 1.3 mm. Smaller bones showed the histologic effects of parathyroid hormone, but contained too little calcium for accurate assay. With the larger bone shafts of older embryos or of 19-day embryos from small litters, ranging from 1.4 to 1.9 mm in length, addition of 1.0 U per ml of PTE usually caused only 10 to 20% more Ca45 release than for paired controls. PTE Effects of hyperoxia. The response to parathyroid hormone was inhibited when bones were cultivated in an atmosphere of 95%o oxygen, 5%o CO2 (Table III) . Control bones showed similar values for Ca45 release and medium Ca concentration whether cultured in 95% or 207o% oxygen.
Histologically, these bones showed a response similar to that seen in alkalosis.
Effects of different sera. Ten samples of serum from patients with hypercalcemia due to parathyroid adenoma or cancer and four samples of hypocalcemic serum from patients with hypoparathyroidism were compared with normal human serum in paired bone cultures. In six instances the pre-and postoperative sera from the same patients were available for comparison. Serum from patients with hypercalcemia did not increase bone resorption, nor did sera from patients with hypocalcemia decrease bone resorption in tissue culture. There were no significant differences when pre-and postoperative sera from the same patients were compared directly. In three instances, bones cultured in serum from patients with marked hypercalcemia actually inhibited Ca45 release when compared with bones cultured in normal human sera, but there was no difference in the effect of pre-and postoperative serum from one of these patients (Table IV) . 4) ratio is not significantly different from that in X normal human serum, the degree of resorption seen histologically in response to PTE was usually less in rat serum ( Figure 1E ml of triiodothyronine did not stimulate bone resorption directly, alter the response to 0.1 U per ml of PTE, or cause any consistent histologic change. The fluid that had previously been used to cultivate thyroid glands also had no effect on bone resorption whether the original culture had been in medium of high or low Ca concentration. Effect of vitamin D and serum from vitamin D-deficient animals (Table VII) . Large doses of vitamin D in aqueous or alcoholic solution did not stimulate bone resorption. Histologically, there were some pyknosis of nuclei and death of cells with the larger doses of vitamin D employed. When both vitamin D and PTE were added together, the typical parathyroid response was obtained, apparently unaltered by the presence of vitamin D. Since the direct addition of vitamin D might not have provided a physiologically active material, the effects of serum from vitamin D-deficient, vitamin D-treated, and normal rats on bone cultures were examined. In five of nine experiments, the addition of 1.0 U per ml of PTE did not increase Ca45 release significantly and caused little histologic change (Figure iF) when the medium was made with serum from vitamin D-deficient rats. When serum from animals treated with various doses of vitamin D while on a deficient diet was used, the response to PTE increased significantly in four experiments. However, the PTE response was usually less than that observed in cultures made with serum from normal rats. Serum from vitamin D-deficient animals given a massive dose of 60,000 U of vitamin D intravenously 24 hours before sacrifice did not stimulate bone resorption directly, but did restore the response to PTE (Figure lE) . In two of the four experiments in which PTE did stimulate bone resorption significantly in vitamin D-deficient serum, there was diminished Ca45 release in both control and PTE-treated cultures (for example, experiment 67, Table VII) . The difference was similar to that observed with a high phosphate concentration, but in these experiments phosphate concentration remained between 5 and 7 mg per 100 ml. When the data were pooled, the mean treated/control ratios for Ca45 release in response to 1 U per ml of PTE were 1.47 ± 0.09 for vitamin D-deficient medium and 1.81 + 0.07 for normal medium (p < 0.01).
Discussion
The ability of parathyroid extract or hormone to stimulate bone resorption in tissue culture can be quantitated and, under suitable conditions, provides a sensitive bioassay for parathyroid activity. However, many other variables can affect bone resorption in control cultures and hence can affect the response to added PTE or PTH. Parathyroid responses were observed in culture media with pH ranging from 6.8 to 7.4, calcium concentrations ranging from 5 to 12 mg per 100 ml, and phosphate concentrations ranging from 3 to 12 mg per 100 ml, although there was a decrease in the amount of calcium released and in the degree of histologic change in response to PTH in high phosphate medium. The pH of the medium at the end of cultivation was the same for treated and control cultures. The experiments with EDTA show that removal of calcium from the bone by chelation did not produce a typical parathyroid response, but rather caused marked cell damage. This damage may be due to the low ionized calcium concentration or to chelation of some other essential ion. If parathyroid hormone acted by producing acids at the surface of the bone with the resulting dissolution of mineral and a movement of calcium and phosphate along their concentration gradients into the extracellular fluid, one might expect the response to depend more upon the calcium, phosphate, and particularly the hydrogen ion concentrations in the medium (30) . It is likely that the cells at the surface of bone can overcome to some extent limitations imposed by changes in the concentration of ions in the bathing medium.
A marked diminution in parathyroid effect was observed when the medium pH was above 7.6 or when the cultures were gassed with 957o oxygen. These effects might be due to interference with the production or release of some metabolic acid required for parathyroid effect, to inactivation of PTH, or to nonspecific toxicity. Goldhaber (5) showed that high oxygen tension could stimulate bone resorption directly. This was not observed in the present study, but only a single high concentration of 02 was tested.
The sensitivity of embryonic bone to parathyroid hormone is sufficient to detect 0.01 U per ml PTE on bioassay. (27) In the present study, cortisol had no direct effect on bone resorption. Cortisol caused a partial inhibition of PTE response, but this may represent a nonspecific toxic effect of the large dose employed. In whole animals, there is evidence that adrenal cortical steroids inhibit bone formation but have little effect on bone resorption (11) . In rats, antagonism between the effects of cortisone and PTE has been observed (10, 37, 38) particularly in renal toxicity; however, cortisone only occasionally reverses the hypercalcemia of hyperparathyroidism in man (39) .
In the present study, triiodothyronine did not affect bone resorption directly or alter the response to PTE. In hyperthyroidism, bone turnover is increased and hypercalcemia may occur' (12).
In tissue culture, triiodothyronine can cause acceleration of differentiation in cartilaginous bone rudiments and has a variable effect on growth (19, 20) . Gaillard (21) found that thyroxin could affect the cartilage and the osteoblasts in cultures of 14-to 16-day mouse embryo radius, but did not cause an increase in osteoclasts or resorption of bone matrix.
Although the role of bone in the hypercalcemia of vitamin D intoxication has been questioned (14) , there is evidence for direct stimulation of bone resorption by excessive amounts of vitamin D (5, 16 (42) .
In the present study, no direct effect of vitamin D on bone resorption was demonstrated. Some dependence of parathyroid hormone effect on vitamin D or its metabolic products was suggested by the observation that the PTE response was decreased or absent in some experiments when bones were cultured in media containing serum from vitamin D-deficient animals. The variable results could reflect differences in the amount of vitamin D in the embryos, which came from normally fed mothers. Differences in PTE response have also been observed with different human and rat sera that could not be ascribed to differences in vitamin D intake or in endogenous parathyroid activity in the donor animals. Some samples of human serum were found to stimulate bone resorption to a considerable degree without added PTE.
In an attempt to identify the factors responsible for such resorption, serum fractions have been separated by gel filtration and assayed for boneresorbing activity (43) . Bone-resorbing activity has been found in low molecular weight peptide fractions of normal serum and also in serum from parathyroidectomized animals. Further studies on such materials may enable us to improve the precision of bioassay in organ cultures of embryonic bone by controlling their effects and to identify factors other than parathyroid tissue that may regulate bone resorption physiologically. Summary 1. The addition of 0.01 to 1.0 U per ml of parathyroid extract (PTE) or purified parathyroid hormone (PTH) to the medium was found to stimulate resorption in 72-hour cultures of bone shafts of radius and ulna from 19-day rat embryos.
2. Radioactive calcium injected into pregnant rats was incorporated in the embryonic bone. Resorption could then be measured in cultures as the release of Ca45 and the effect of PTH or PTE treatment as the ratio of Ca45 released from treated bones to that released from paired controls (treated/control ratio).
3. Calcium concentration in the medium could be varied from 5 to 12 mg per 100 ml and pH from 6.8 to 7.4 without inhibiting parathyroid response. In media of high phosphate concentration (12 mg per 100 ml) absolute values for Ca release were decreased in both control and PTHtreated bones, but the treated/control ratio was little altered. 4 . Hyperoxia (95 %°2 , 5 % CO2) or a high pH (7.60) markedly diminished the parathyroid response. A high pH also decreased Ca45 release from control bones. The addition of 2 mM Edathamil (EDTA) increased Ca45 release from control bones and abolished the PTH effect; these explants were not well preserved.
5. Variations in resorption were encountered when bones were cultivated in media made with different samples of human and rat serum. These differences could not be ascribed to variations in parathyroid activity. There was no difference in bone resorption between paired bones cultured in media made from serum from patients with hyperparathyroidism before and after parathyroidectomy.
6. Vitamin A (3 to 10 ug per ml) increased release of Ca45 and stable calcium from embryonic bone. The effect was less than that of a maximal dose of PTE (1 U per ml). Addition of PTE (0.1 U per ml) to vitamin A further enhanced resorption.
7. A large dose of cortisol (200 MAg per ml) had no apparent effect on cultures of embryonic bone. This dose inhibited the effect of vitamin A completely but only partly inhibited the PTE effect.
8. Triiodothyronine (0.5 and 1.0 Mg per ml) had no effect on bone resorption directly or on the response to PTE. Culture fluid from rat thyroids similarly had no effect on bone resorption.
9. The addition of vitamin D in alcoholic or aqueous solution or sera from animals treated with large doses of vitamin D did not stimulate bone resorption directly. The response to PTE was diminished when the culture medium was made with the serum from vitamin D-deficient rats compared with the culture media made with sera from vitamin D-treated rats or rats on a normal diet.
